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ABSTRACT 
 
Green stem disorder (GSD) of soybean (Glycine max L. Merr.) is when stems remain 
green and fleshy after pods reach physiological maturity and are ready to harvest. Little is known 
about GSD and its causes. Although GSD has not been shown to directly impact yield, the 
immature green stems may lead to harvest issues. Harvesting at the right time is essential to 
preserve the quality of the seed. During 2014 and 2015, field experiments located in central Iowa 
were used to investigate the effect of fungicides, pod removal, and their interaction on GSD 
incidence. The objective of this research was to: (1) investigate how different cultivars get GSD 
after varying levels of pod removal, which was used to simulate the result of a pod reducing 
stress; (2) examine the effect of foliar fungicides on GSD at seven locations across Iowa; and (3) 
to determine how a combination of pod removal and foliar fungicide applications affected the 
incidence of GSD. Studies were conducted in separate field experiments planted in Iowa in 2014 
and 2015.  Results indicated that cultivars varied in their response to pod removal and that pod 
removal in combination with fungicides of certain strobilurin chemistries produced higher 
incidences of GSD (P=0.06). Results varied across years, as GSD was significantly higher in all 
treatments in 2015 (P<0.001). 
The second portion of this thesis investigates the genetic components of GSD. The 
severity of GSD development has been seen to vary between cultivars and location. Selection of 
insensitive cultivars is a possible management option to avoid the development of GSD. In Iowa 
2014, we evaluated a number of parent soybean lines and their likelihood to develop GSD under 
field conditions. Parents were seen to differ (P<0.001) both when pods were removed to simulate 
the result of a pod reducing stress and when pods were left intact. The parent Maverick exhibited 
a significantly (P<0.05) higher amount of GSD. In 2015, two populations of recombinant 
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inbreed lines (RILs) from selected parents were investigated in Iowa and Illinois.  Initial 
observations show differences (P<0.001) between lines within each population and location. 
Future studies will gain additional phenotypic data and clarify the genetic components for GSD. 
Soybean farmers should be aware of the added possibility that prophylactic fungicide 
applications may increase GSD incidence especially if plants experience a sink limiting stress. 
 
 1 
CHAPTER 1.  
GENERAL INTRODUCTION AND LITERATURE REVIEW 
Thesis Organization 
 
 This Thesis is organized into three chapters. Chapter one is the general introduction to 
green stem disorder (GSD). Chapter two showcases three experiments carried out in 2014 and 
2015. The first experiment investigates GSD incidence in different cultivars after stress, which 
was simulated by pod removal. The second experiment highlights GSD incidence across Iowa 
with the use of different fungicides of varying chemistries. The third experiment assesses the 
effect of fungicides of certain chemistries in combination with stress simulated by pod removal 
on the incidence of GSD. Chapter 3 is an investigation of the genetic component associated with 
GSD.  
General introduction 
 
 Soybean (Glycine max L. Merr.) is one of the highest selling cash crops in the United 
States. This legume is widely utilized not only as a food but as an industrial component as well. 
Special characteristics of soybean have made it an invaluable crop. A bushel of soybean after 
processing will produce approximately 48 pounds of meal and 11 pounds of oil. Soybean seed 
with just under 40% protein has the highest protein content compared to other legume crops. 
This makes the soybean meal an essential basis of protein for animal feed. The extracted oil is a 
major source for oils and fats consumed by humans, accounting for 80% in the United States. 
Aside from animal and human consumption, the soybean oil is also used for industrial 
applications as well. These include solvents, inks, and even biodiesel.  
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 Before consumption and industrial applications, the soybean plant needs to mature. At 
maturity, soybean plants senesce and dry. This monocarpic lifecycle is accommodating to 
farmers when it is time for harvest. The plants are direct combined, cut by the blades of the 
header. The blades are made to cut through brittle and dry stems. If plants are not completely 
senesced and living green tissue remains, harvesting may be impeded and additional wear may 
incidentally occur on the combine.  
 The moisture content of the soybean seed must be closely monitored to obtain seed 
moisture content of 13%. This moisture content is ideal for storage as well as selling. If plants 
are not harvested in a timely manner the seeds may dry below 13%. At lower moisture content 
they are at an increased risk of yield loss through harvesting and in field shattering. Shattering is 
a natural occurrence by monocarpic species, the culmination of the reproductive cycle where the 
carpels dehisce and release the seed.  
 Harvesting at the right time is essential to preserve the quality of the seed. Harvest may 
be delayed by multiple factors including weather, availability of equipment, time and green stem 
disorder (GSD) (Figure 1). GSD is a type of delayed maturation where the stems of the plant 
remain green and fleshy with mature, harvest-ready pods and seed. 
 The appearance of green stem disorder in a field leaves the farmer with two practical 
management options. They may either harvest despite the green stems or choose to wait until the 
plants dry down or be killed by frost. If the decision is made to harvest, then certain combine 
adjustments will need to be made while harvesting the green stems. The ground speed of the 
combine can be reduced while increasing the engine speed to help avoid clogging of the straw 
puller or threshing cylinder. This is dependent on the amount of GSD present in the field. If 
harvest is delayed until the stems naturally senesce, die from frost, or are sprayed with a 
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herbicide to induce senescence, the seeds will continue to dry and the moisture content may 
reach suboptimal levels. The chance of yield loss due to shattering will also increase as harvest is 
delayed.  
 The direct cause of GSD is unknown yet it appears that at some point during the 
reproductive stages, the plant must experience a stress that interrupts the source-sink balance in 
favor of the source. After this instance of suboptimal conditions, other factors such as genetics 
and environmental conditions may influence GSD development. Incidence of GSD may increase 
with applications of fungicides of certain chemistries. The use of fungicides with certain 
chemistries applied prophylactically to soybean plants may have unintended consequences. The 
goal of this thesis is to further clarify the effect of fungicides, stress simulated by pod removal, 
and the varietal role on the incidence of green stem disorder. 
    
Literature Review 
 
Green stem disorder. The term green stem disorder (GSD) was described by Hobbs et 
al. (2006) as nonsenescent soybean stems with physiologically mature pods and occasionally 
having attached petioles. This disorder results in harvest problems associated with delayed 
soybean stem maturity and was first described in Kansas in 1974 (Schwenk and Nickell, 1980). 
Since then, it has been observed in many soybean producing regions inside the U.S. including 
Iowa and Illinois, which are the two top producing soybean states (USDA NAAS, 2014). Green 
stem disorder has also been reported outside the U.S. in Argentina and Japan (Formento and De 
Souza, 2009; Yamada et al., 2014).  
  Research first published on this type of delayed maturity of soybean used the term green 
stem syndrome (Schwenk and Nickell, 1980). The description assigned to the malady included 
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the symptoms of bean pod mottle virus (BPMV). Schwenk and Nickell (1980) described the 
syndrome as green nonsenescent stems with mature pods containing seed of decreased size and 
fewer pods per node. The delayed maturity of the soybean stems was attributed to infection with 
BPMV (Schwenk and Nickell, 1980). Known symptoms of BPMV include mottling on young 
leaves, reduced pod formation when under moisture stress, mottled seed, and reduced seed size 
(Krell, 2002). However, not all plants afflicted with green stem syndrome were infected with 
BPMV. This led to a re-examination of BPMV and delayed maturity. It was found, using 
enzyme-linked immunosorbent assay (ELISA), that BPMV was independent of GSD, which was 
used as a synonym to the green stem characteristics described by Schwenk and Nickell (1980)  
(Hobbs et al., 2006). The definitive cause of green stem disorder is unknown.   
 Fungicidal use. The overall use of fungicides to control fungal pathogens has increased 
(Wise and Mueller, 2011). This includes prophylactic fungicide use, in which fungicides are 
applied in the absence of disease risk. Prophylactic applications of fungicides are used regardless 
of pathogen infection or risk of infection and some applications of certain chemistries are 
claimed to have beneficial plant health effects. Fungicide applications have increased in field 
crops for several reasons (Mueller et al., 2013; Wise and Mueller, 2011); one overriding reason 
is the identification of soybean rust, the obligate fungal parasite Phakopsora pachyrhizi Sydow 
(Schneider et al., 2005). Fungicides are the only effective management strategies for soybean 
rust (Koch et al., 2010).  
 Triazole fungicides. The largest classes of fungicides, triazoles may be applied both 
preventively and as early infection treatments (Monton and Staub, 2008; Mueller et al., 2013). 
They are in the group of fungicides known as demethylation inhibitors (DMI). They affect fungi 
by inhibiting C14-demethylase, an important enzyme associated with sterol production, which is 
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a component of membrane structure and its function (Mueller et al., 2013). Since the site of 
action is specific, resistance has developed amongst pathogens rendering some triazole-
containing applications ineffective (Mueller et al., 2013).  
Strobilurin fungicides. Strobilurins are natural compounds that were isolated from 
liquid cultures of a Basidiomycete of the genera Strobilurus. In search for other naturally 
occurring substances, scientists have identified other strobilurin structures and analogues (Balba, 
2007). Synthesis of these compounds and their analogues has led to the development of multiple 
commercially available products. Sales of these fungicides are among the highest grossing in the 
United States as well as worldwide (Balba, 2007). 
 Strobilurin fungicides are part of the FRAC Code Group 11 fungicides and have a single 
mode of action (Mueller et al., 2013). These fungicides include pyraclostrobin, azoxystrobin, and 
trifloxystrobin. They specifically obstruct with mitochondrial electron transfer that affects the 
synthesis of ATP through the inhibition of nicotinamide adehine dinucleotide (NADH) oxidation 
(Leroux, 1996). These chemical compounds are classified as quinone outside inhibitor (QoI) 
fungicides. The single mode of action exhibited by QoI fungicides makes them susceptible to 
resistance development. Frequent and repeated applications applies a selective pressure for 
isolates that have mutations that allows them to survive in the presence of the fungicide and thus 
over time permitting them to become the dominant pathogen population that is less affected by 
the fungicide (Miles et al., 2012).   
An additional aspect promoted by some fungicide manufacturers is that strobilurin 
fungicides increase yield even in the absence of disease (Wise and Mueller, 2011). The use of 
fungicides with certain chemistries in combination with glyphosate for weed control has been 
shown to increase soybean yields in the absence of disease (Bradley and Sweets, 2008). 
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Strobilurins have exhibited a phenomenon called the “greening effect” (Balba, 2007; Bartlett et 
al., 2002). This phenomenon is described as prolonged green leaf area that may extend the 
photosynthetic efficiency of leaves and thereby allowing an increased dry matter accumulation 
during seed fill and increased yield (Morrison et al., 1999; Kumudini et al., 2001; Kyverga et al., 
2013). The effects of strobilurin fungicides and soybean yield increases have been inconsistent 
(Bradley and Sweets 2008; Kyverga et al., 2013). This occurrence affects all parts of the plant. 
The precise mechanism or biochemical pathway of this “greening effect” is unknown and may be 
related in some way to green stem disorder. 
Strobilurin effect on plant hormones. The effect of prolonged retention of green leaf 
area produced by the application of strobilurin fungicides on soybean may be associated with 
hormonal modifications (Balba, 2007). The fungicide kresoxim-methyl that was derived from 
Strobilurin A, modulates the hormonal status of the plant via a bioregulatory auxin-like activity 
(Grossmann et al., 1999). The role of kresoxim-methyl was investigated in wheat shoot tissue; 
reduced ethylene biosynthesis was linked to delayed leaf senescence and prolonged 
photosynthetic activity of the green tissue (Grossmann and Retzlaff, 1997). Noodén and Leopold 
(1988) determined that the retention of green leaf tissue is due to a hormonal shift between a 
senescence promoter and an inhibitor (i.e. cytokinin). 
Fungicides and green stem disorder. Hill et al. (2013) showed significant increases of 
GSD with applications of pyraclostrobin alone and in combination with tetraconazole. 
Interestingly, Egli et al. (2006) mimicked the characteristic description of GSD where they 
induced green non-senesced stems containing physiologically mature pods by sink removal of 
pods at R6 (full seed). Sink limitation and manipulation are common practices used to 
investigate nutrient movement and metabolism in plants (Turner et al., 2012).  
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Diseases and GSD. Soybeans are under disease pressure from multiple sources including 
bacteria, viruses, and fungi. Formento and De Souza (2009) confirmed that GSD is independent 
of Soybean mosaic virus (SMV), Alfalfa mosaic virus (AMV), Bean common mosaic virus 
(BCMV), Tobacco ringspot virus (TRSV), Tobacco streak virus (TSV), and Bean pod mottle 
virus (BPMV). BPMV was once thought to be the direct cause of GSD (Schwenk and Nickell 
1980) but this was disproven by Hobbs et al. (2006).  
Further investigation by Hill et al. (2013) examined the fungi present on stems with green 
stem disorder. It was found that stems with GSD were more likely colonized by Colletotrichum 
spp. (Anthracnose) and that those stems not afflicted with GSD were more commonly colonized 
by Macrophomina phaseolina (Tasi) Goid (charcoal rot) or Diaporthe/Phomopsis spp. (Hill et 
al., 2013). The increased incidence of Colletotrichum spp. amongst GSD stems is interesting due 
to the hemibiotrophic lifestyle of the fungus. Many Colletotrichum spp. have a distinct bi-phasic 
lifestyle consisting initially of a biotrophic and then a necrotrophic phase (Münch et al., 2008).  
The oomycete Phytophthora infestans (Mont.) de Bary that causes late blight also has a 
hemibiotrophic lifecycle; and has been found to carry genes that suppress cell death induced by 
multiple effector triggered immunity (ETI) pathways (Kelley et al., 2010). The knowledge of P. 
infestans programmed cell death (PCD) suppressant ability leads to the hypothesis that some 
Colletotrichum spp. may also be interfering with the hosts ETI pathways during the biotrophic 
phase. With regards to GSD and the increased incidence of Anthracnose, it can be speculated 
that GSD incidence is associated with the biotrophic phase of a hemibiotroph. These hypotheses 
have not yet been investigated with respect to GSD of soybean and Colletotrichum spp. and are 
worthy of future investigations. 
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Pod abortion and stress. Stress, specifically drought stress, has been shown to cause 
lower yields in soybean when the water deficit occurs in the early reproductive stages (Constable 
and Hearn, 1978; Sionit and Kramer, 1977). Drought stress during specific reproductive stages 
has been shown to result in an increased rate of pod abortion (Liu et al., 2003). Experiments 
performed by Westgate and Peterson (1993) expand upon the findings that the lack of pod 
development is the cause of yield loss.  Shaw and Laing (1966), compared sensitivities of 
different stages of soybean reproductive development to water deficit and revealed that a brief 
water deficit at early flowering resulted in the greatest pod loss, lending to the notion that 
drought stress modulates preexisting factors that limit pod development under normal conditions 
(Westgate and Peterson, 1993). Chemical signals originating from the roots have been shown to 
influence reproductive structures; and there is evidence that abscisic acid (ABA) is a factor 
modulating pod growth and set in drought stressed plants (Liu et al., 2004). 
 Cold stress. Suboptimal temperatures during soybean reproductive phases may result in 
yield reduction (Hume and Jackson, 1981). Cold stress may be a major factor contributing to 
reduced yield (Thakur et al., 2010), because temperatures below 20°C may inhibit growth 
(Balestrasse et al., 2010). Less cold tolerant genotypes are distinguished by an irregular 
distribution of pods and seeds along the stem; and barren or low yielding nodes are the flower 
abscission occurring during cold stress  (Gass et al., 1996).  
Senescence. Senescence is a process wherein the result is the death of the plant (Lindoo 
and Noodén, 1977). It occurs in different tissues of the plant. Senescence is thought to be 
genetically programmed and due to nutrient deficiencies, although the latter has not been found 
to be an essential part of the senescence program (Noodén et al., 1977). This process is not due 
solely to the passage of time but by signals that may be altered via biotic and abiotic occurrences 
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(Noodén and Leopold, 1988). The senescence of soybean leaves in combination with sink 
removal has been investigated to clarify the “senescence signal,” a term used by Lindoo and 
Noodén (1977). Fifty years of research on the effect of flower and fruit removal on the 
senescence of monocarpic plants such as soybean, which is defined as a single fruiting phase 
followed by death, has shown that that the elimination of these reproductive organs delays the 
onset of senescence (Leopold et al., 1959).  
 Effect of sink removal. The terms source and sink are used to describe the parts of a 
plant and their role in nutrient production and consumption. Sources are portions of the plant that 
through photosynthesis produce compounds known as photosynthates. These compounds are 
redistributed; using the phloem, to organs such as developing leaves or pods (Lemoine et al., 
2013). As the soybean plants progress through their reproductive stages, relocation of nitrogen, 
starch, and other nutrients from leaves to filling pods is accompanied by yellowing 
(senescencing) leaves (Lindoo and Noodén, 1977).  
 The “senescence signal” is associated with the fruit of the soybean (Lindoo and Noodén, 
1977). Delayed leaf senescence was observed when seeds were removed from pods and pods 
were stripped from the plant (depodding) (Lindoo and Noodén, 1977). To further solidify that 
nutrient depravation is not the absolute cause of leaf senescence, Noodén and Murray (1982) 
disabled the phloem of leaf petioles at a node with pods when all other pods were removed from 
the plant. The leaf of the inactivated petiole still began to yellow illustrating that the influence of 
the soybean seed is conveyed through the xylem (Noodén and Murray, 1982). Since the phloem 
is the pathway for nitrogen and other assimilate movement, this evidence refutes the hypothesis  
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that senescence is the sole result of nutrient depravation. However, the leaves may be primed for 
senescence by the mineral nutrient reduction in the xylem sap during pod fill (Noodén and Mauk, 
1987). 
 Mimicry of GSD symptoms. The characteristic, nonscenescent green stems with ripe 
mature pods described by Hobbs et al. (2006), were replicated by Egli and Bruening (2006) 
through depodding. It has also been observed that the feeding of green stinkbug on the pods of 
soybean delays maturation of the entire plant (Boethel et al., 2000). Source/sink manipulation 
that favors the source is a reasonable explanation for incomplete stem senescence. By removing 
sinks, an excess of assimilates and minerals that are not utilized by the developing seed may be 
stored and reside in the stems, therefore keeping them alive and green.  
 The results of Egli and Bruening’s (2006) experiments show a clear yield reduction 
among the soybean plants that exhibit delayed stem maturity and those that do not. This differs 
with findings by Hill et al. (2013) where GSD was not associated with a reduction in yield. In 40 
percent of the trials, presence of GSD was associated with higher yields (Hill et al., 2013). This 
brings to question if yield needs to be included in the characteristic description of GSD. The 
findings of these experiments claim witness to a form of delayed stem senescence, but the 
evidence of differing yield results lends to the argument that multiple paths may have led to the 
same phenomena of nonsenescent stems. Regardless of experiment, cultivar has had an effect on 
GSD incidence (Egli and Bruening, 2006; Hill et al., 2006; Hill et al., 2013).   
Genetic evidence. Soybean was introduced to North America from Asia where it was 
first domesticated. This domestication took place approximately 5,000 years ago in China from 
its native ancestor Glycine soja (Hyten et al., 2006). In 2010 the genome of Glycine max was 
published (Schmutz et al., 2010). The high yielding modern soybean cultivars have arisen from 
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primarily 17 Asian Glycine max accessions producing a genetic bottleneck in which genetic 
diversity was reduced (Hyten et al., 2006).   
 Differences among cultivars with GSD have been reported (Hill et al., 2006; Hobbs et 
al., 2006; Hill et al., 2013). Through field trials performed by Hill et al. (2006), 1,187 soybean 
cultivars ranging from maturity group (MG) I to MG IV were evaluated for GSD incidence. 
Significant differences in GSD sensitivity were detected in all but 3 of the 31 trials (Hill et al., 
2006). A genetic component may explain these differences between cultivars. Breeding for 
specific traits may have unintentionally produced lines that are more likely to develop GSD. That 
is, there are rare alleles that express green stems with mature pods and GSD is a trait rather than 
a disorder. 
QTLs. A phenotype that is continuous and determined by multiple loci (specific site of a 
gene on a chromosome) is termed a quantitative trait and its individual location is called a 
quantitative trait loci (QTL) (Tanksley, 1993). QTL mapping is commonly performed using 
recombinant inbreed lines (RILs) derived from two homozygous parents and selfed into the F6 or 
F7 generation (Takuno, 2012). From RILs produced by insensitive and sensitive GSD parents, 
researchers from Japan, over a six-year study have identified three QTLs (qGSD1, qGSD2, 
qGSD3) that are linked to GSD insensitivity (Yamada, 2014). Further QTL investigations have 
studied the link between GSD, stem determination, and time of flowering. Experiments 
performed by Fujii et al. (2015) revealed that the genetic factor controlling flowering time and 
the genetic factor at the DT1 locus (stem growth habits) had an influence on GSD severity. 
Summary. Green stem disorder of soybean is a type of delayed maturity of soybean. It is 
a nuisance to farmers during harvest since pods and seed are ready for harvest, but the stems 
remain green and fleshy. The exact casual mechanism of GSD is unknown. Fungicides of certain 
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chemistries and cultivar have been shown to influence GSD. Pod removal has also been shown to 
result in delayed maturity of the soybean stems. Soybean plants may experience abiotic and 
biotic stresses that result in a reduction of pods. This source-sink disturbance that favors the 
source may be the basal cause of GSD development. After this initial disruption, other factors 
such as genetics and the environment may influence the development of GSD. Actions taken to 
deal with or alleviate stress may include the use of foliar fungicides, which may also affect GSD. 
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CHAPTER 2.  
EFFECT OF FUNGICIDE APPLICATION, STRESS, AND CULTIVAR ON GREEN 
STEM DISORDER IN IOWA 
Abstract 
 
Green stem disorder (GSD) of soybean (Glycine max L. Merr.) is when stems remain 
green and fleshy after pods reach physiological maturity and are ready to harvest. Little is known 
about GSD and its causes. Although GSD has not been shown to directly impact yield, the 
immature green stems may lead to harvest issues. During the 2014 and 2015 growing seasons in 
fields located in central Iowa, experiments involving fungicides and pod removal took place. The 
objective of the first study was to investigate how different cultivars get GSD after varying levels 
of pod removal, which was used to simulate the result of a sink limiting stress. A second study 
was conducted at seven locations across Iowa to examine how foliar fungicides affected GSD. A 
third study determined how a combination of pod removal and foliar fungicide applications 
affected the incidence of GSD. Foliar fungicides applied in these studies were applied during 
reproductive stages. Results indicated that cultivars varied in their response to pod removal and 
that pod removal in combination with fungicides of certain strobilurin chemistries produced 
higher incidences of GSD (P=0.06). Results varied across years, as GSD was significantly higher 
in all treatments in 2015 (P<0.001). Soybean farmers should be aware of the added possibility 
that prophylactic fungicide applications may increase GSD incidence especially if plants 
experience a sink limiting stress. 
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Introduction 
 
Green stem disorder (GSD) is a type of delayed stem maturity of soybean. It was first 
described in Kansas in 1974 as plants with fleshy green stems and physiological mature pods 
(Schwenk and Nickell, 1980). This condition is an emergent harvest time issue for soybean 
farmers. GSD is characterized as plants with mature harvest ready pods, but with green moist 
stems (Hill et al., 2013). Leaves may occasionally remain on the stem and the petioles may 
sometimes remain attached. This is a harvest issue since the moist non-senescing stems may 
interfere with the function of the combine, not only slowing down harvest and increasing fuel 
consumption but also through additional wear on the combine blades themselves. GSD does not 
directly affect soybean yield (Hill et al., 2013). Although, the decisions made to manage GSD 
may result in reduced yield and an inferior quality of seed once harvested. 
 The exact causal mechanism of GSD is still unknown. An experiment involving pod 
removal to interfere with the source-sink ratio has shown that plants with pods removed have 
GSD, but it was referred to as green stem syndrome by Egli and Bruening (2006). Although the 
characteristic factors that define GSD were reproduced, the yield was significantly reduced by 
each pod removal treatment preformed by Egli and Bruening (2006). Whereas it has been shown 
in field experiments that fungicides of certain chemistries (e.g., quinone outside inhibitors) 
increased the incidence of GSD and showed a significant, positive association between GSD and 
yield in 11 of 28 trials (Hill et al. 2013). Field trials evaluating soybean cultivars have also 
revealed that cultivars differ in their likelihood to develop GSD (Hill et al., 2006).  
Through the season, soybeans may experience biotic and abiotic stress that may 
culminate in pod and seed reduction. For example, drought stress during specific reproductive 
stages has been shown to result in an increased rate of pod abortion (Liu et al., 2003). Cool 
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temperatures below 20°C may inhibit growth of the soybean plant (Balestrasse et al., 2010). 
Suboptimal temperatures experienced during soybean reproductive phases may result in yield 
reducing occurrences (Hume and Jackson, 1981). Cold stress may be a major factor contributing 
to the causes of a reduced crop (Thakur et al., 2010). The stress resulting in a source-sink 
disturbance that favors the source may be the basal cause of GSD development. After this initial 
disruption, other factors such as genetics, production practices and the environment may further 
influence the development of GSD. For example, foliar fungicides, which are sometimes 
marketed to alleviate stress, may further increase GSD (Hill et al., 2013). 
Fungicide applications have increased in field crops (Mueller et al., 2013; Wise and 
Mueller, 2011). With the known effect of certain fungicides (Hill et al., 2013) and sink reduction 
(Egli and Bruening, 2006) on GSD incidence, a better understanding of the effect of fungicides 
on GSD in addition to varying levels pod removal on different cultivars in Iowa is warranted. 
The overall goal of this project was to investigate GSD in Iowa under field conditions and the 
impact of various factors including stress (simulated by pod removal), cultivar and fungicides. 
The first objective involved removing pods from different cultivars to determine if the cultivars 
produced varying incidences of GSD. The second objective was to investigate the incidence of 
GSD and the effect of fungicides across Iowa. The third study focused on how fungicides with 
certain chemistries in combination with pods removed affected GSD incidence.  
 
Materials and Methods 
Effect of cultivar and pod removal on gsd 
 
An experiment involving a combination of four levels of sink removal and different 
soybean cultivars was completed during 2014 and 2015, both near Ames, Iowa (Table 1). The 
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experiment was planted in two 76-cm row plots that were 3 m long. Plots were organized in a 
randomized complete block design with three replications each.  
Ten and 5 cultivars were planted in 2014 and 2015, respectively. Cultivars were planted 
on 6 May in 2014 at a population of 400,000 seeds ha-1 and 22 May in 2015 at a population of 
350,000 seeds ha-1. Cultivars were selected based on anecdotal evidence from local agronomists 
of differing in their propensity of being “hard to cut.” All cultivars are listed in Table 1. 
In 2014, sink removal treatments were performed at growth stage R4 (full pod, pods are 2 
cm at one of the four uppermost nodes) and then repeated at R6 (full seed, seed is 3 mm long in 
the pod at one of the four uppermost nodes) to maintain desired total pod reduction after soybean 
pods continued to set in some cases (Fehr and Caviness, 1977). The timing of pod removal in 
2015 was adjusted to only the R6 growth stage. To obtain 25, 50 or 75% pod removal, every 
plant had every pod removed from every fourth node (25%), every other node (50%), or three of 
four nodes (75%). Starting at the base of the soybean plant, the first node with pods was stripped 
of its pods, then continuing up the stem as well as side branches depending on the removal 
percentage treatment (Egli and Bruenning, 2006).  
Green stem disorder (GSD) incidence data were collected at growth stage R8 (full 
maturity, Fehr and Caviness, 1977) using a binary, (yes or no) rating system. When plants were 
fully mature; with brown ripe pods and a dry brown stem it was not considered an instance of 
GSD. When the plant being rated had brown ripe pods and a stem that was green and fleshy, it 
was considered to have GSD. Harbach et al. (2016) describes the characteristics of GSD. Every 
plant in each plot was visually assessed, providing a percentage of GSD and a total plot stand 
count. GSD percentage in each plot was calculated by totaling all the ratings. This number of 
plants rated as having GSD was divided by the total count and multiplied by 100 to obtain a 
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percentage. Occasionally, plants were also observed having yellow stems, these were considered 
mature and not as GSD (Yamada et al. 2014). 
Harvest took place on 6 October in 2014 and on 16 October in 2015. Both 3-m rows were 
harvested for yield using a 2009 Almaco SPC20 research plot combine (ALMACO, Nevada, 
Iowa). Yield calculations were adjusted to 13% seed moisture. Gaps within the row were 
measured and accounted for in the final plot length used in yield calculations. The initial seed 
moisture content from each plot was recorded using an Almaco moisture sensor (ALMACO) 
during harvest. 
 
Statewide fungicide trials 
 
Fungicide trials were carried out across Iowa during both 2014 and 2015 at seven Iowa 
State University Research Farms. Details of the trials are provided in Table 1. The experimental 
design at each location for both years was a randomized complete block with four replications. 
Plots were six rows 76-cm wide and 7.8 to 13.7 m long (Table 1). Fungicides were applied to the 
middle four rows at growth stage R3 (beginning pod, Fehr and Caviness, 1977) with a self-
propelled research sprayer. The sprayer delivered fungicides with 142 to 189 L ha-1 at 241 
kilopascals (kpa) powered by a CO2 tank. Fungicide treatments and their rates are listed in Table 
2. 
 Green stem disorder incidence notes were taken at each location before harvest at growth 
stage R8. GSD incidence was determined from a 3.0-meter section of each plot randomly 
selected from one of the inner two rows in 2014 and a 1.5-meter section in 2015. GSD incidence 
data were collected using the binary system as previously described. Yield and disease 
information were collected but are not shown.  
 23
Fungicides and gsd 
 
Experiments investigating the effect of fungicides in combination with sink removal on 
GSD took place in 2014 and in 2015. Plots were established near Roland and Ames in 2014 and 
2015, respectively. Each experiment was set up in a randomized complete block with four 
replications. Individual plots were 4 rows that were 5.3 m long and spaced 76 cm apart. 
 During 2014, two cultivars, Pioneer 92Y51 and Pioneer 92Y53, were planted at a 
population of 400,000 seeds ha-1. In 2015, Pioneer 92Y51 was planted at a population of 350,000 
seeds ha-1. Weeds were managed accordingly with glyphosate sprayed on 14 June and 14 July, a 
well as hand weeding throughout the season. Before harvest, the middle two rows of each plot 
were end trimmed to 4.3 m (Table 1).  
Four different fungicide treatments were evaluated. These included 1) non-treated 
control, 2) flutriafol applied at growth stage R3; 3) pyraclostrobin + fluxapyroxad applied at R3; 
and 4) picoxystrobin applied at R1 and 10 days later. Soybean growth stage R1 is at bloom and 
growth stage R3 is at pod set (Fehr and Caviness, 1977). Additional information, including rates 
and application dates, is listed in Table 2. Fungicides were applied using a self-propelled 
research sprayer as previously described. 
Sink removal treatments were 0 and 50% removal. Plots assigned with 0% pod removal 
did not have any pods removed. The 50% removal was completed as described in the previous 
section. 
Green stem disorder incidence data were collected at growth stage R8 (full maturity, Fehr 
and Caviness, 1977) using the binary rating system as described earlier. Every plant in each plot 
was visually assessed, providing a percentage of GSD and a total plot stand count. The 
percentage of GSD in each plot was calculated by totaling all the ratings, to obtain a final 
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number of plants in the plot. This number of plants rated as having GSD was divided by the final 
number of plants and multiplied by 100 to obtain a percentage.  
Before harvest, 10 consecutive soybean plants from one arbitrarily selected location in 
one of the center two rows were cut at the soil line to determine fresh and dry weight and yield 
components. Total pod number was counted from 5 plants and then pods were stripped and 
collected. Pods were dried for three days in custom drying bins with fans held in a room at a 
constant temperature of 60°C. After drying, all seeds were separated from their pods and counted 
to obtain an average number of seed per pod. A 100-count dry seed weight sample of each plot 
was measured from the five-plant pod collection. The average number of seed per pod and dry 
seed weight were collected to examine those additional yield components. 
Pods, remaining petioles and side branches were removed from the other 5 stems and 
these were combined with the first 5 stems. Each stem was measured 30 cm from the base and 
trimmed. The 30-cm trimmed portions were weighed to obtain the fresh weight (Taylor Precision 
Products, Oak Brook, IL, Glass Digital Food Scale, model number: 3842BL9). Stems were then 
dried for three days in custom drying bins with fans held in a room at a constant temperature of 
60°C. After drying, stems were weighed again to obtain the dry weight. 
The center two rows of each plot were harvested on 18 Oct in 2014 and 2 Oct 22 in 2015 
with a 2009 Almaco SPC20 research plot combine (ALMACO, Nevada, Iowa). Yield 
calculations were adjusted to 13% seed moisture. Gaps within the row that occurred by either a 
planting error, failure of germination, or by plant removal were measured and accounted for in 
the yield calculation. Initial seed moisture content was measured using an Almaco moisture 
sensor (ALMACO, Nevada, Iowa). 
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Statistical analysis 
 Analyses were performed in SAS 9.4 (SAS Institute, Cary NC) using the Glimmix 
procedure for generalized linear mixed models. Pod removal, fungicide treatments, and cultivar 
were set as fixed factors while replication and all interactions with replication were considered 
random factors. Years were analyzed separately since each treatment was not used during both 
trial years as well as large differences of GSD incidence seen between years. Experiments were 
organized and therefore analyzed as a randomized complete block design (RCBD). Due to 
missing data, least squared means (LS-means) were estimated. Pair-wise comparisons with a α 
level of 0.10 were used to determine differences between treatments. Individual contrasts were 
performed for specific comparisons between treatments. 
 
Results 
Effect of cultivar and pod removal on gsd 
 
 GSD incidence, averaged across all cultivars, showed significant differences among the 
pod removal treatments in both 2014 and 2015 (P <0.001). Incidence of GSD was higher in 2015 
across all pod removal treatments (Table 3). Pod removal treatments of 75% produced the 
highest amounts of GSD during both 2014 and 2015 and the control, no pod removal, had almost 
no GSD in 2014 and the lowest GSD in 2015 (Table 3). Lesser pod removal treatments resulted 
in lower levels of GSD than the 75% pod removal treatment. 
Pod removal treatments significantly affected yield in both years (P <0.001). Compared 
to the no pod removal treatment, pod removal treatments of 25, 50, and 75% resulted in yield 
reductions of 15, 28, and 45% respectively in 2014 and by 23, 31, and 54% in 2015 (Table 3).  
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Seed moisture contents differ among pod removal treatments only in 2015 (P=0.001). In 2015, 
the 75% pod removal treatment resulted in more seed moisture than all other treatments by 
approximately 1.6% (Table 3). 
GSD incidence was different among the cultivars for 25% (P=0.002) and 75% pod 
removal (P=0.032) in 2014. GSD incidence ranged from approximately 0.6 to 11.8% and from 
13.8 to 53.9% within the 25 and 75% pod removal treatments, respectively. Within the 25% pod 
removal treatment, the cultivars Pioneer 93Y15 and Pioneer 92Y83 had higher levels of GSD 
than all other cultivars (Table 4). Within the 75% pod removal treatment, Pioneer cultivars 
92Y75, 93Y15, 92Y51, and 92Y83 had a higher incidence of GSD than Pioneer 92Y11 and 
Pioneer 24T19R (Table 4). Cultivars did not vary in 2015 between pod removal treatments 
(Table 4).  
 Cultivar was a significant factor of yield in 2014 (P<0.001), but not in 2015 (P=0.322). 
In 2014, the Pioneer cultivar 92Y75 produced the highest yield and Pioneer 92Y60 produced the 
lowest (Table 4). The moisture content of the seed did not vary between cultivars in either 2014 
(P=0.721) or 2015 (P=0.656). 
Statewide fungicide trials 
 
 The incidence of GSD varied between years, location, and fungicide application (Table 
6). In 2014, only the southwestern location had over 10% GSD (Table 6). Fungicide treatments 
were not significantly higher from the untreated control (UTC) in any location during 2014 
(Table 6). At Sutherland in 2015, the azoxystrobin + propiconozole fungicide had higher levels 
of GSD (P=0.048) compared to the UTC (Table 6).  
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Fungicides and gsd  
 
Overall, 50% pod removal treatment resulted in higher levels of GSD than no pod 
removal (Table 7). In 50% pod removal, higher levels of GSD were seen in 2015 than 2014 
(Table 8). Effect of fungicide treatment was not significant in the 50% pod removal in both 
years. Within the no pod removal treatment, fungicides pyraclostrobin + fluxapyroxad at R3 and 
picoxystrobin at R1 and R3 had higher incidences of GSD compared to the UTC in 2015 (Table 
8).  
Individual contrasts show that the UTC was significantly (P=0.093) different from 
picoxystrobin and pyraclostrobin + fluxapyroxad combined in 2014 when pods were not 
removed (Table 9). Fungicide treatments combined were not significantly different compared to 
the UTC in both 2014 and 2015 when pods were not removed (Table 9). When pods were 
removed in 2014 and 2015, contrasts show that picoxystrobin and pyraclostrobin + fluxapyroxad 
combined, differed from the UTC (Table 9).  
Overall, pod removal had a significant (P<0.001) effect on yield, number of pods, and 
number of seeds per plant in both years (Table 7). Compared to no pod removal treatment, the 
50% pod removal treatment reduced yield by 23 and 33% in 2014 and 2015, respectively (Table 
7). Similarly, the 50% pod removal resulted in a 32 and 38% reduction in pod numbers and 34 
and 36% reduction in number of seeds than 0% pod removal in 2014 and 2015, respectively 
(Table 7). Number of pods and seeds were greater in 2015. In 2015 within 0% pod removal 
treatment, there was 142% and 148% increase in pod and seed numbers respectively, compared 
to 2014 (Table 7). Fungicide treatments had significant effect on yield within the 50% pod 
removal treatment in 2015 (P=0.072) (Table 8). Plots applied with two applications of 
picoxystrobin had increased yields (Table 8). No other fungicide treatment in either year 
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significantly affected yield, regardless of pod removal treatment combination. Overall, yield in 
2014 was lower than yield in 2015 (Table 8).  
Fungicides effect was significant for moisture content in 50% pod removal in both years 
but not in the no pod removal treatment (Table 8). The UTC had higher moisture content in 2014 
than any other fungicide application with in 50% pod removal (Table 8). In 2015, two 
applications of picoxystrobin resulted in higher moisture content relative to the UTC when 50% 
pods were removed (Table 8).  
 Plots that received a 50% pod removal treatment had greater 100-seed weight in both 
2014 and 2015 by 3.2 and 2.5 g respectively. In 2015, pyraclostrobin + fluxapyroxad applied at 
R3 and picoxystrobin applied at R1 then R3, increased the seed weight within 50% pod removal 
(Table 8). No other fungicide treatment differed from the UTC in either pod removal treatment 
or year (Table 8). 
 Fresh and dry weight of the stems did not vary among fungicides within the 50% pod 
removal treatment during both years (Table 8). Within the 0% pod removal, fresh and dry stem 
weights were affected by fungicide treatment during both years (Table 8). The fungicide 
treatment of pyraclostrobin + fluxapyroxad applied at R3, resulted in higher fresh and dry stem 
weights compared to the UTC through both years (Table 8). Compared to the UTC, the fresh 
stem weight increased by approximately 50 and 33% and the dry stem weight increased by 
approximately 15 and 18% in 2014 and 2015 respectively (Table 8). 
Discussion 
 
This was the first study to investigate the combination of fungicide application and pod 
removal to simulate the result of stress on the incidence of green stem disorder. This is also the 
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first report investigating the impact of fungicides on GSD as well as cultivar response to pod 
removal and their impacts on GSD in Iowa.  
Overall, there was an increase in GSD across all trials, regardless of pod removal or 
fungicide use, in 2015. The increased incidences of GSD caused by fungicides of certain 
strobilurin chemistries are in agreement with previous investigations, although lower incidences 
occurred here in Iowa (Hill et al., 2013). The differences seen between 2014 and 2015 indicate 
that there may be a meteorological component that influences GSD, yet to be identified.   
In 2014, there was a cultivar response to pod removal treatments where in 2015 there was 
not, although all cultivars in 2015 exhibited a numerically higher overall incidence of GSD 
across each pod removal treatment (Table 4). Environmental conditions that promote the 
incidence of GSD in 2015 may have overwhelmed the cultivar response. A correlation between 
possible meteorological aspects and GSD incidence needs to be investigated.  
Pod removal resulted in higher incidences of GSD and did not delay maturation of seed 
as shown by the moisture content at harvest. During harvest, moisture levels of plots that 
received a pod removal treatment did not dramatically differ from each other (Tables 3, 5, and 
8). Although statistical differences was seen between seed moisture of plots that received a 75% 
pod removal treatment, the moisture content was still acceptably low. The measured moisture 
levels of the seed support the distinction of GSD from additional terms proposed by Harbach et 
al. (2016) to classify types of delayed maturity.  
Application of strobilurin-containing fungicides in combination with the simulated stress 
result, showed numerically higher levels of GSD incidence in 2014. The contrast between the 
UTC and strobilurin-containing fungicides show significant differences in GSD in each 
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treatment combination except the pod removal treatment of 2015 (Table 9). This shows that it is 
reasonable to expect that fungicides of certain chemistries in combination with pod removal will  
increase GSD more so than either a pod reducing stress or fungicide application alone. 
When pods were removed in combination with fungicides in 2015, GSD incidence was nearly 
double that in 2014.  
An additional aspect promoted by some fungicide manufacturers is that certain strobilurin 
fungicides benefit plants, even in the absence of disease. Strobilurins have exhibited a 
phenomenon called the “greening effect” (Balba, 2007; Bartlett et al., 2002). This phenomenon 
is described as prolonged green leaf area that may extend the photosynthetic efficiency of leaves 
and thereby allowing an increased dry matter accumulation during seed fill and increased yields 
(Morrison et al., 1999; Kumudini et al., 2001; Kyverga et al., 2013). In our study investigating 
pod removal in combination with foliar fungicides in 2015, applications of picoxystrobin within 
the pod removal treatment had a significant (P=0.072) yield response of 281.4 kg ha-1 (Table 8). 
Yield components also show that in 2015, the dry seed weights of the picoxystrobin treatment 
were larger (P=0.069) then the untreated control when pods were removed (Table 8). Overall, 
pod removal treatments resulted in higher seed weights compared to 0% pod removal (Table 7). 
This increase in dry weight was a compensatory mechanism and helps to show in part why yields 
did not mirror the applied pod removal.  
When pods were not removed, pyraclostrobin + fluxapyroxad applied at R3 produced 
stems that had higher water content and a larger dry mass (Table 8). The stems may become an 
additional storage organ. The green stems could remain photosynthetically active and be forced 
to store the end products in the stem since the pods have already matured.  
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Results show the possibility that prophylactic application of certain fungicides will 
promote GSD incidence amongst plants and that the possibility exists that a stress resulting in 
pod loss may exacerbate it. It appeared that cultivars varied in their response to pod removal, and 
magnitude, and GSD development. Results varied across years. Soybean farmers should be 
aware of the added possibility that prophylactic fungicide applications may increase GSD 
incidence as well as the impact that a sink-limiting occurrence may have. Further investigation of 
meteorological components and their effect on GSD incidence is needed in order to explain the 
unknown causal mechanism.  
The stress resulting in a source-sink disturbance that favors the source may be the basal 
cause of GSD development. After this initial disruption, other factors such as genetics and the 
environment may influence the development of GSD. Actions taken to deal with or alleviate 
stress may include the use of foliar fungicides. 
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Figures 
 
Figure 1. Soybean plants displaying the characteristics of green stem disorder (GSD). Stems 
remain green and fleshy after pods reach physiological maturity and are ready to harvest. 
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Tables 
 
Table 1. Location, planting date cultivar, population, plot length, fungicide application, and harvest dates of field experiments evaluating 
cultivars, fungicides and pod removal in 2014 and 2015 in Iowa.  
City (part of statea) Cultivar 
Population 
(seeds ha-1) 
Planting 
date 
Plot length 
(m) R1b R3b GSD date Harvest date 
Effect of cultivar and pod removal on GSD 
2014         
Ames (C) Pioneer 92Y51 
Pioneer 92Y75 
Pioneer 24T19R 
Pioneer 93Y15 
Pioneer 92Y11 
Pioneer 92Y53 
Pioneer 92Y60 
Pioneer 92Y83 
400,000 6 May 3.0 --- --- 22 Sep 6 Oct 
2015         
Boone (C) Pioneer 24T19R 
Pioneer 92Y51 
Pioneer 92Y53 
Pioneer 92Y60 
Pioneer 92Y83 
350,000 22 May 3.0 --- --- 13-16 Oct 16 Oct 
Effect of fungicides evaluated at seven locations on GSD 
2014         
Ames (C) Pioneer 92Y75 410,000 6 Jun 9.9 --- 8 Aug 17 Oct 20 Oct 
Lewis (SW) Asgrow 2933 RR 375,000 16 May 9.8 --- 16 Jul 10 Oct 25 Oct 
Crawfordsville (SE) Asgrow AG2931 414,200 28 May 9.1 --- 29 Jul 14 Oct 22 Oct 
Kanawha (NC) Stine 20RD20 395,000 20 May 9.1 --- 24 Jul 9 Oct 9,10 Oct 
Chariton (SC) Pioneer 93Y60 400,000 6 May 8.5 --- 23 Jul 14 Oct 25 Oct 
Nashua (NE) Kruger K2-2402 437,500 25May 8.5 --- 28 Jul 10 Oct 10 Oct 
Sutherland (NW) Kruger 1901 400,000 21 May 9.8 --- 22 Jul 14 Oct 15 Oct 
2015         
Ames (C) Asgrow 2431 312,500 19 May 7.8 --- 3 Aug 5 Oct 8 Oct 
Lewis (SW) Pioneer 92Y83 400,000 22 May 9.1 --- 23 Jul 5 Oct 6 Oct 
Crawfordsville (SE) Pioneer 92Y75 414,195 2 Jun 9.1 --- 4 Aug 1 Oct 2 Oct 
3
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Table 1 continued 
 
Kanawha (NC) Pioneer P22T69R 375,000 22 May 7.6 --- 29 Jul 5 Oct 5 Oct 
Chariton (SC) Pioneer 93Y60 400,000 29 Apr 9.1 --- 31 Jul 1 Oct 1 Oct 
Nashua (NE) Kruger K2-2402RR 470,000 13 May 8.5 --- 27 Jul 2 Oct 2 Oct 
Sutherland (NW) Mycogen 5N206R2 367,500 22 May 13.7 --- 30 Jul 12 Oct 12 Oct 
Effect of fungicides and pod removal on GSD 
2014         
Roland (C) Pioneer 92Y51 
Pioneer 92Y53 
400,00 30 May 5.3 25 Jun 7 Jul 6 Oct 18 Oct 
2015         
Boone (C) Pioneer 92Y51 350,000 22 May 5.3 22 Jul 4 Aug 14 Oct 22 Oct 
 
a C=Central, SW=Southwest, SE=Southeast, NC=North-central, SC=South-central, NE=Northeast, NW=Northwest. 
b Growth stage and date of fungicide application. Application time was based on the growth stage of soybean. Soybean growth stage 
R1 is beginning bloom and growth stage R3 is beginning pod development (Fehr and Caviness, 1977). 
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Table 2. Foliar fungicides applied to soybean for two experiments evaluating the effect of 
fungicide and pod removal on green stem disorder in 2014 and 2015 field trials in Iowa.  
 
a FRAC (Fungicide Resistance Action Committee); group 3 = de-methylation inhibitor, group 
7 = succinate dehydrogenase inhibitor, group 11 = quinone outside inhibitors 
b Application time was based on the growth stage of soybean. Soybean growth stage R1 is 
beginning bloom and growth stage R3 is at beginning pod development (Fehr and Caviness, 
1977) 
c Rate is measured in kg active ingredient ha-1 
 
 
Active 
ingredient Product Company, City, State 
FRAC 
codea 
Time of 
applicationb Ratec  
Effect of fungicides evaluated at seven locations on GSD 
picoxystrobin Aproach® DuPont Crop Protection, 
Wilmington, DE 
11 R3 0.11 
azoxystrobin + 
tebuconazole 
Custodia® ADAMA USA, Raleigh, NC 
 
11 + 3 R3 0.07 
fluoxastrobin + 
flutriafol 
Fortix® Arysta LifeScience North 
America, LLC, Cary, NC 
11 + 3 R3 0.06 + 
0.08 
pyraclostrobin 
+ fluxapyroxad  
 
Priaxor® BASF, Research Triangle Park, 
NC 
11 + 7 R3 0.05 + 
0.09 
azoxystrobin + 
propiconazole 
Quilt Xcel® Syngenta Crop Protection, LLC, 
Greensboro, NC 
11 + 3 R3 0.10 + 
0.10 
trifloxystrobin 
+ 
prothioconozole 
Stratego® 
YLD 
Bayer CropScience, Research 
Triangle Park, NC 
11 + 3 R3 0.11 + 
0.04 
flutriafol Topguard® FMC Agricultural Solutions, 
Philadelphia, PA 
3 R3 0.05 
Effect of fungicides and pod removal on GSD 
picoxystrobin Aproach® DuPont Crop Protection, 
Wilmington, DE 
11 R1 + R3 0.11 
(both) 
pyraclostrobin 
+ fluxapyroxad 
Priaxor® BASF, Research Triangle Park, 
NC 
11 + 7 R3 0.05 + 
0.09 
flutriafol Topguard® FMC Agricultural Solutions, 
Philadelphia, PA 
3 R3 0.06 
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Table 3. Effect of cultivar and pod removal on green stem disorder (GSD) incidence, yield and 
moisture content in 2014 and 2015 field experiments, in Iowa. 
 
 GSD (%)a Yield (kg ha-1)b Moisture (%) 
Pod 
removalc 
2014 2015 2014 2015 2014 2015 
0% 0.2 c 6.8 d 2,807 a 4,094 a 11.7  12.6 b 
25% 4.5 c 39.9 c 2,399 b 3,149 b 11.4  12.6 b 
50% 17.9 b 76.2 b 2,017 c 2,821 c 11.6  12.6 b 
75% 38.4 a 90.8 a 1,554 d 1,869 d 11.8  14.2 a 
P-valued <0.001   <0.001 <0.001 <0.001 0.436 0.001 
 
a GSD was calculated by counting the number of plants with GSD at R8 (full maturity) and 
dividing it by the total number of plants in the plot, then multiplying by 100. 
b Yield was adjusted to 13% seed moisture. 
c Depodding treatments were completed by growth stage R6, full seed (Fehr and Caviness, 1977). 
No pods removed for 0%; pods were removed from every fourth node for the 25%; pods were 
removed from every other node for 50%; and pods were removed from three out of four nodes, 
leaving pods on the fourth node intact for 75%. 
d Least-squares means were separated by Fishers protected least significant difference at α = 
0.10. Numbers followed by the same letter are not significantly different (P≥0.10) determined by 
pair-wise comparisons of LS-means.
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Table 4. Effect of cultivar on green stem disorder (GSDx) incidence from field experiments in 2014 and 2015 in Iowa.  
 
 Depodding levelab 
Cultivarc 0% 25% 50% 75% Mean 
 2014 2015 2014  2015 2014 2015 2014 2015 2014  2015 
Pioneer 92Y11 0.3 --- 0.6 c --- 17.4 --- 17.0 b ---   8.8 --- 
Pioneer 92Y75 0.3 --- 1.6 bc --- 24.3 --- 53.9 a --- 20.0 --- 
Pioneer 93Y15 0.0 --- 9.8 a --- 23.4 --- 52.0 a --- 21.3 --- 
Pioneer 92Y51 0.3  7.1 4.7 bc  40.4 14.4  82.0 50.0 a  87.4 17.4  54.2 
Pioneer 92Y53 0.0  6.6 1.7 bc  48.2 6.7 70.9 31.4 ab  92.1 10.0  54.5 
Pioneer 92Y60 0.3  7.6 0.8 c  42.2 6.5 80.7 35.0 ab  91.6 10.7  55.5 
Pioneer 92Y83 0.4  5.6 11.8 a 31.8 35.4 59.8 53.8 a  86.7 25.4  46.0 
Pioneer 24T19R 0.0  7.0 5.3 b  36.7 15.4 87.6 13.8 b  96.5   8.6  56.9 
P-valued 0.868  0.953 0.002    0.869   0.221    0.334   0.032    0.666  --- --- 
 
a GSD was calculated by counting the number of plants with GSD at R8 (full maturity) and dividing it by the total number of plants in the 
plot, then multiplying by 100. 
b Depodding treatments were completed by growth stage R6, full seed (Fehr and Caviness, 1977). No pods removed for 0%; pods were 
removed from every fourth node for the 25%; pods were removed from every other node for 50%; and pods were removed from three out of 
four nodes, leaving pods on the fourth node intact for 75%. 
c Pioneer cultivars 92Y11, 92Y75, and 93Y15 were not used in 2015. 
d Least-squares means were separated by Fishers protected least significant difference at α = 0.10. Numbers followed by the same letter are  
not significantly different (P≥0.10) determined by pair-wise comparisons of LS-means. 
3
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Table 5. Effect of cultivar on yield and seed moisture content from field experiments in 2014 and 
2015 in Iowa.  
 
 Yield (kg ha-1)ab Moisture (%)b 
Cultivar 2014 2015 2014 2015 
Pioneer 92Y75 2,559 a --- 11.4 --- 
Pioneer 92Y51 2,466 ab 2,961  11.5 13.2 
Pioneer 92Y83 2,425 ab 3,236  11.8 12.9 
Pioneer 93Y15 2,278 bc --- 11.6 --- 
Pioneer 92Y53 2,090 cd 2,928  11.6 13.4 
Pioneer P24T19R 1,956 d 2,961  11.7 12.8 
Pioneer 92Y11 1,923 d --- 11.6 --- 
Pioneer 92Y60 1,863 d 2,827  11.9 12.9 
P-value  <0.001 0.322 0.721 0.656 
 
a Yields and moisture were averaged across all pod removal treatments and yields were adjusted 
to 13% seed moisture. 
b Least-squares means were separated by Fishers protected least significant difference at α = 
0.10. Numbers followed by the same letter are not significantly different (P≥0.10) determined by 
pair-wise comparisons of LS-means.
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Table 6. Effect of foliar fungicides on green stem disorder (GSD) incidence observed at seven locations across Iowa in 2014 and 2015. 
 
GSD (%)ab   
Fungicidec Ames (C) Lewis (SW) 
Crawfordsville 
(SE) 
Kanawha 
(NC) 
Chariton 
(SC) 
Nashua 
(NE) 
Sutherland 
(NW) 
Mean 
 2014 2015 2014  2015 2014  2015 2014  2015 2014  2015 2014  2015 2014  2015 2014 2015 
UTC 2.8 a  13.2   8.3  0.0 0.5  0.0 0.0  1.4 0.3  7.6 0.8  17.5 2.8  5.1 b 2.2 6.4 
picoxystrobin 1.8 ab  17.7 10.8  0.4 0.0  0.0 0.0  2.2 0.0  8.1 0.5  15.7 4.3  2.5 b 2.5 6.7 
azoxystrobin + 
tebuconazole 
0.0 c  21.7 10.8  0.0 0.0  0.0 0.0  3.0 0.3  5.0 0.8  28.3 2.5  0.0 b 2.1 8.3 
fluoxastrobin + 
flutriafol 
0.8 bc  29.8 13.3  0.6 1.0  0.0 0.0  4.5 0.3  4.7 0.8 21.8 2.3  4.7 b 2.6 9.4 
pyraclostrobin + 
fluxapyroxad  
 
0.8 bc  43.7 11.0  0.0 0.0  0.0 0.0  2.0 0.5  5.2 1.0  12.6 2.5  2.9 b 2.3 9.5 
azoxystrobin + 
propiconazole 
0.8 bc  22.6 11.8  0.0 0.0  0.0 0.0  0.7 0.0  6.6 0.5  10.6 6.3  13.2 a 2.8 7.7 
trifloxystrobin + 
prothioconozole 
1.5 b  23.2 13.5  0.0 0.0  0.0 0.0  3.4 0.0  12.9 0.0  21.1 2.3  5.7 b 2.5 9.5 
flutriafol 1.0 bc  17.5   9.0  0.0 0.3  0.0 0.0  6.9 0.0  10.0 0.8 18.8 1.8  2.3 b 1.8 7.9 
Mean  1.2 23.7 11.1 0.1 0.2 0.0 0.0 3.0 0.2 7.5 0.7 18.3 3.1 4.6 
  
P-value 0.008  0.250 0.604  0.894 0.169 --- ---  0.728 0.441  0.761 0.739  0.419 0.904  0.048   
a GSD was calculated by counting the number of plants with GSD in 3 meters in 2014 and 1.5 meters in 2015 at R8 (full maturity) and dividing it by the total number  
of plants in the section then multiplying by 100. 
b Least-squares means were separated by Fishers protected least significant difference at α = 0.10. Numbers followed by the same letter are not significantly different 
(P≥0.10) determined by pair-wise comparisons of LS-means. 
c Untreated control (UTC) did not receive a fungicide application. picoxystrobin (Aproach®), azoxystrobin + tebuconazole (Custodia®), fluoxastrobin + flutriafol  
(Fortix®), pyraclostrobin + fluxapyroxad (Priaxor®), azoxystrobin + propiconazole (Quilt Xcel®), trifloxystrobin + prothioconozole (Stratego® YLD), flutriafol  
(Topguard®).
4
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Table 7. Effect of pod removal on yield and yield components from field experiments in 2014 
and 2015 in Iowa. 
 
Yield 
(kg ha-1)a 
Pod countb Seed countc 
100 seed weight 
(g)d 
Pod 
removale 
2014 2015 2014 2015 2014 2015 2014 2015 
0% 3,357  4,255  153  219  338  501  16.0  17.1  
50% 2,593  2,841  105  137  226  325  19.2  19.6  
P-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
a Average yield across all fungicide treatments; calculations adjusted to 13% seed moisture. 
b Pods were counted and totaled from 5 of the 10 plants collected before harvest. 
c Average number of seeds from 5 plants per plot. 
d 100 seeds were separated from each total seed count and weighed after being dried for 72 hours 
at 60°C. 
e Depodding treatments were completed by growth stage R6, full seed, pods were removed from 
every other node.
 43
Table 8. Effect of fungicides and pod removal on yield, seed moisture content, and fresh and dry stem from field experiments in 
2014 and 2015 in Iowa.  
 
  GSD (%)a Yield (kg ha-1)b Moisture (%) 100-seed wt (g)c 
Fresh stem  
weight (g)d 
Dry stem 
weight (g)d 
Pod 
removale 
Fungicidef 2014 2015 2014 2015 2014 2015 2014 2015 2014 2015 2014 2015 
50% 
UTC 26.3  79.9  2,452  2,700 c 12.8 a 12.6 b 18.9 19.0 b 53.3  126.3  25.9  37.8  
PYRA + 
FLUX 
 at R3 
41.2  92.5  2,606  2,874 ab 12.4 b 12.7 ab 19.9 20.0 a 70.1  105.5  28.6  35.0  
FLUT at R3 32.5  86.2  2,707  2,807 bc 12.4 b 12.6 b 19.2 19.0 b 60.7  107.3  28.0  38.5  
PICO at R1 
then R3 
41.8  79.6  2,647  2,982 a 12.5 b 13.0 a 19.2 20.3 a 60.7  118.8  26.7 42.0  
 Mean  35.5 84.6 2,603 2841 12.5 12.7 19.3 19.6 61.2 114.5 27.3 38.3 
 P-Value 0.392 0.363 0.676 0.072 0.048 0.101 0.674 0.069 0.321 0.593 0.564 0.470 
0% 
UTC 1.5  4.2 b 3,283  4,188  12.5  12.8  16.0 16.5 35.4 bc 64.3 b 23.4 b 32.8 b 
PYRA + 
FLUX 
 at R3 
6.3  7.6 a 3,405  4,228  12.6  12.8  16.2 17.5 53.6 a 85.8 a 27.0 a 38.8 a 
FLUT at R3 1.9  3.4 b 3,424  4,288  12.5  12.9  15.5 17.3 35.2 bc 60.0 b 22.1 b 30.0 b 
PICO at R1 
then R3 
4.8 7.1 a 3,290  4,308  12.6  13.0  16.7 17.3 39.3 b 74.8 ab 24.0 ab 34.5 ab 
 Mean 3.6 5.6 3,351 4,253 12.6 12.9 16.1 17.2 40.9 71.2 24.1 34.0 
 P-valueg 0.149 0.052 0.989 0.863 0.679 0.533 0.689 0.436 <0.001 0.099 0.056 0.111 
a GSD was calculated by counting the number of plants with GSD at R8 (full maturity) and dividing it by the total number of plants in the plot, then  
multiplying by 100. 
b Yield adjusted to 13% seed moisture. 
c 100 seeds were separated from each total seed count and weighed after being dried for 72 hours at 60°C. 
d Fresh weight was measured from 10 stems cut at the soil line before harvest, petioles and pods removed, stems cut to a length of 30 cm, bundled and weighed;  
dry weight was measured on same 10 stems after dried for 72 hours at 60°C for 72 hours. 
e Depodding treatments were completed by growth stage R6, full seed, pods were removed from every other node. 
f  Untreated control (UTC) did not receive a fungicide application; PYRA + FLUX = pyraclostrobin + fluxapyroxad); FLUT = flutriafol); PICO = picoxystrobin 
g Least-squares means were separated by Fishers protected least significant difference at α = 0.10. Numbers followed by the same letter are not significantly  
different (P≥0.10) determined by pair-wise comparisons of LS-means. 
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Table 9. Effect of fungicides and pod removal on green stem disorder using in 2014 and 2015 in 
Iowa using ANOVA contrasts.  
 
ANOVA contrasts of GSD 
Pod removala 0% 50% 
Contrastsb 2014 2015 2014 2015 
UTC vs. Fungicides 0.218 0.185 0.094 0.362 
UTC vs. PICO  0.148 0.096 0.099 0.970 
UTC vs. PYRA and 
FLUX 
0.138 0.053 0.091 0.141 
UTC vs. PICO + 
PYRA and FLUX 
0.093 0.042 0.055 0.392 
Main effect contrasts    
2014 vs. 2015 <0.001    
No pod removal vs. 
pod removal 
<0.001    
UTC vs. Fungicides   0.067    
a Depodding treatments were completed by growth stage R6, full seed, pods were removed from every 
other node. 
b Untreated control = UTC;. PYRA and FLUX = pyraclostrobin and fluxapyroxad; PICO = picoxystrobin 
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CHAPTER 3.  
INVESTIGATING A GENETIC COMPONENT TO GREEN STEM DISORDER OF 
SOYBEAN 
Abstract 
 
 Green stem disorder (GSD) is a nuisance to soybean farmers. Distinct from other types of 
delayed maturity, stems remain green and fleshy while pods and seed mature properly. The 
severity of GSD development observed varies between cultivars and location. Selection of 
insensitive cultivars is a possible management option to avoid the development of GSD. In Iowa 
2014, we evaluated parent soybean populations and their likelihood to develop GSD under field 
conditions. Parents were seen to differ (P<0.001) both when pods were removed to simulate the 
result of a pod reducing stress and when pods were left intact. The parent Maverick exhibited a 
significantly (P<0.05) higher amount of GSD. In 2015, two populations of recombinant inbreed 
lines (RILs) from selected parents were investigated in Iowa and Illinois.  GSD observations in 
2015 show differences (P<0.001) between lines within each population and location. Additional 
phenotypic data will be obtained in 2016 to clarify the genetic components for GSD.  
Introduction 
 
Green stem disorder (GSD) is term used by soybean farmers and researchers to describe a 
type of delayed maturation, where the stems of mature soybean plants remain green and fleshy 
whereas the pods and seed are harvest-ready. This deviation from a typical monocarpic lifecycle 
can cause problems for the farmer during harvest.  The exact causal mechanism of GSD has yet 
to be clarified, but differences amongst cultivars have been observed.  
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When soybean cultivars were assessed for GSD sensitivity, differences in GSD incidence 
were detected among 1,187 cultivars ranging from maturing group (MG) I to IV in all but 3 of 31 
trials (Hill et al., 2006). Differences among cultivars and their likelihood of developing GSD 
points to a genetic association (Hill et al., 2006; Hobbs et al., 2006; Hill et al., 2013). Breeding 
for specific traits may have unintentionally produced lines that are more likely to develop GSD. 
That is, there are rare alleles that express green stems with mature pods and GSD is a trait rather 
than a disorder.   
A nested association mapping (NAM) population is a valuable genetic tool that combines 
the resolution of association mapping and the power of linkage mapping (Guo and Beavis, 2011). 
A NAM population is produced from crosses of several unique genotypes and an elite cultivar 
proceeded by selfing to develop recombinant inbred lines (RILs) (Maurer et al., 2016). Nested 
association mapping has been used in other crops such as maize to further genetic investigations 
(Buckler et al., 2009). 
The possibility of a genetic component gives ground for breeders to select for GSD 
insensitivity. A phenotype that is continuous and determined by multiple loci (specific site of a 
gene on a chromosome) is termed a quantitative trait and its individual location is called a 
quantitative trait loci (QTL) (Tanksley, 1993). QTL mapping is commonly performed using 
recombinant inbred lines (RILs) derived from two homozygous parents and selfed to the F6 or F7 
generation (Takuno, 2012). Using RILs from a cross between insensitive and sensitive GSD 
parents, researchers from Japan, over a six-year study have identified three QTLs (qGSD1, 
qGSD2, qGSD3) linked to GSD insensitivity (Yamada et al., 2014). Further QTL investigations 
have studied the link between GSD, stem determination, and time of flowering. Experiments 
performed by Fujii et al. (2015) revealed that the genetic factor controlling flowering time and 
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the genetic factor at the Dt1 locus (stem growth habits) had an influence on GSD severity. This is 
promising, although the characteristics used by Yamada et al. (2014) to describe GSD differed 
from Hill et al. (2013) and Harbach et al. (2016). Selection of insensitive lines may be the 
farmer’s best option to reduce or avoid GSD. Further investigation of a genetic component is 
warranted to help manage this harvest time nuisance.  
The goal of this research was to investigate breeding lines of soybeans in Iowa for 
differences in GSD incidence to aid in the identification of QTLs that may be associated with 
GSD.  
Materials and Methods 
Evaluation of nested association mapping genotypes 
 
During 2014, 32 publically available NAM (nested association mapping) parents of 
soybean and two varieties from DuPont Pioneer of maturity group (MG) II were compared for 
GSD (Table 1). The experiment was planted as a randomized complete block design (RCBD) 
with two replications at Hinds Farm near Ames, IA. Plots (76- cm center row-row) were planted 
in two rows, 5.3m in length, and sown at 8 seed per 0.3m. Pod removal was implemented to 
mimic the result of a stress that soybean plants may encounter during the growing season. Pod 
removal treatments were performed at R4 (full pod, pods are 2 cm at one of the four uppermost 
nodes) and then repeated at R6 (full seed, seed is 3 mm long in the pod at one of the four 
uppermost nodes) to maintain desired total pod reduction after soybean pods continued to set in 
some cases (Fehr and Caviness, 1977). Pod removal treatments were performed on a randomly 
selected row of each plot, with a target of 50% pod removal of every plant. This was achieved by 
starting at the first node with pods from the crown of the plant, manually stripping its soybean 
pods, and then continuing up the stem at every other node thereafter, including along all side 
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branches (Egli and Bruening, 2004). Since sink removal treatments were applied to only a single 
row of each plot, the plots were split, and GSD ratings were taken for each individual row. This 
provided a paired comparison of sink removal for each parent and cultivar.   
Green stem disorder incidence data were collected at growth stage R8 (full maturity, Fehr 
and Caviness, 1977) using a binary (yes or no) rating system. When plants were fully mature, 
with brown ripe pods and a dry brown stem, it was not considered an instance of GSD. 
Identification of GSD was based on descriptions by Hill et al. (2013) and Harbach et al. (2016); 
where the plant being rated had brown ripe pods and a stem that was green and fleshy. When 
plants were occasionally observed as having yellow stems, they were considered mature and not 
GSD (Yamada et al., 2014). In each plot, the number of plants rated as having GSD was divided 
by the total number of plants assessed and multiplied by 100 to obtain a GSD percentage.  
 
Evaluation of ril lines 
 
 In 2015, recombinant inbred lines (RILs) from three NAM parents obtained from the 
United Soybean Board-funded NAM were planted. The NAM parents were 5M20-2-5-2, 
Mavrick, and IA3023; from these, two sets of RILs were produced. The NAM parents 5M20-2-
5-2 and Mavrick were crossed with IA3023 to produce these RILs. Each cross using 5M20-2-5-2 
x IA3023 and Mavrick x IA3023 produced 140 individual RILs derived from the respective cross 
for a total of 280 RILs (See. Table A.1). The RILs used were previously developed. Each planted 
population included both NAM parents. The NAM parent Maverick has shown higher incidences 
of GSD in past experiments (Hill et al., 2006).  
The trial in 2015 took place near Ames, Iowa and Monmouth, Illinois. The populations 
(5M20-2-5-2 x IA3023 and Maverick x IA3023) were kept separate and randomized within 
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themselves. The plots were individual 1.5 m rows, planted at 8 seed per 0.3 m, with two 
replications. To accommodate the large number of plots (568) in the trial, the percentage of GSD 
was visually rated on a per plot basis.  
 The conventional seed cultivars were hand-weeded during both years. Additionally, in 
2015, an application of herbicide (Cobra®, Valent U.S.A. Corporation, Walnut Creek, CA) was 
applied on June 17 at a rate of 0.9 l ha-1, and a cultivator was used on 10 July to manage 
excessive weeds. In 2014, aphids reached economic threshold (Ragsdale et al., 2007) and foliar 
insecticide (Warrior II with Zeon Technology®, Syngenta Crop Protection LLC, Greensboro, 
NC) was applied at a rate of 0.09 l ha-1 on 13 Aug. Herbicide and insecticide applications were 
applied with a self-propelled research sprayer. The sprayer delivered product with 142-189.3 L 
ha-1 at 241.3 kilopascals (kpa) powered by a CO2 tank. 
 
Statistical analysis 
 Analyses were performed in SAS 9.4 (SAS Institute, Cary NC) using the Glimmix 
procedure for generalized linear mixed models. In 2014, pod removal and parent/variety were set 
as fixed factors while replication and all interactions with replication and location in 2015 were 
considered random factors. In 2015, RIL and parent were set as fixed factors. RILs derived from 
each cross were separately analyzed within each location (Ames, IA and Monmouth, IL). 
Experiments were organized and therefore analyzed as a randomized complete block design 
(RCBD). Pair-wise comparisons with a α level of 0.05 were used to determine differences 
between parents/varieties and RILs. 
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Results 
 
 In 2014, NAM parents produced varying levels of GSD incidence within each level of 
pod removal treatment. Overall, more GSD was observed in 50% pod removal treatment (Table 
1). When pods were not removed, the incidence of GSD never exceeded 40% whereas some 
parents had over 70% GSD incidence when pods were removed (Table 1). Of the NAM parents 
evaluated in 2014, 5M20-2-5-2, Maverick and 4J105-3-4 had the most GSD incidence (Table 1).  
 The two RIL populations produced by parents 5M20-2-5-2 and Maverick differed in the 
incidence of GSD (Table 2). At both locations, the RILs produced from the cross with Maverick 
had greater average GSD incidence than RILs of 5M20-2-5-2 (Table 2). In both sets, RILs 
differed in GSD incidence between locations (Table A.1).  
   
Discussion 
 
 In 2014, NAM parents differed in GSD incidence. This backs the hypothesis that there is 
a genetic component associated with GSD (Hill et al., 2006; Hobbs et al., 2006; Hill et al., 2013).  
Drought stress during specific reproductive stages has been shown to result in an increased rate 
of pod abortion (Liu et al., 2003). Genotype rankings were different in the two pod removal 
treatments suggesting that these NAM parents respond differently to the simulated result of a pod 
reducing stress.  
 The selected NAM parents (Maverick, 5M20-2-5-2, and IA3023) consistently had some 
of the highest or lowest incidences of GSD across the 0 and the 50% pod removal treatments. 
The parent Maverick has been reported in previous literature to being more likely of developing 
GSD (Hill et al., 2006). The two RIL populations showed differences in the first year of our 
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evaluations, but further phenotypic investigation is needed before QTL analysis. The same 
experiment will be repeated with more replications and carried out in both Illinois and Iowa in 
2016. The observation that location was a significant factor might be due to the presence of some 
unknown meteorological component that may promote the development of GSD (Hill et al., 
2006; Hill et al., 2013).   
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Tables 
 
Table 1. Parents/varieties, maturity group, and green stem disorder (GSD) incidence within each 
pod removal treatment from a field trial near Ames, IA, 2014.  
  GSD incidence (%)abc 
Parent/ Variety Maturity 0% depodding 50% depodding 
U03-100612 1.9 --- --- 
LG92-1255 2 0.0 f 37.9 cd 
LG94-1128  2 0.0 f 4.3 fg 
LG94-1906  2 4.1 c-f 14.3 e-g 
PI 437.169B 2 2.6 d-f 10.9 e-g 
PI 507.681B 2 0.6 f 0.4 g 
PI 518.751 2 0.0 f 2.1 g 
PI 404.188A 2 0.0 f 10.5 e-g 
PI 574.486 2 15.3 b-e 12.9 e-g 
Skylla 2.6 0.6 f 8.4 e-g 
LD02-4485 2.8 0.5 f 0.9 g 
4J105-3-4 3 27.4 ab 77.5 a 
5M20-2-5-2* 3  32.0 a 65.0 ab 
CL0J095-4-6 3 10.1 c-f 65.5 ab 
CL0J173-6-8 3 17.2 bc 49.3 bc 
HS6-3976   3 16.3 b-d 21.8 d-f 
Prohio 3 9.3 c-f 24.2 de 
LG03-2979 3 0.0 f 13.3 e-g 
LG04-4717 3 0.0 f 5.5 e-g 
LG05-4464 3 1.4 f 3.5 fg 
LG05-4832 3 1.2 f 2.6 fg 
LG90-2550   3 0.5 f 3.2 fg 
LG97-7012  3 0.0 f 4.7 fg 
LG98-1605  3 0.0 f 0.9 g 
LG00-3372 3 1.5 ef 6.4 e-g 
PI 398.881 3 0.0 f 0.8 g 
PI 427.136 3 8.9 c-f 11.3 e-g 
PI 561.370 3 2.5 d-f 13.3 e-g 
NE3001 3.0 0.5 f 3.8 fg 
LD01-5907 3.7 --- --- 
Maverick* 3.8 33.9 a 58.7 ab 
IA 3023* 3 0.0 f 13.0 e-g 
Pioneer 92Y51 2.5 0.0 f 13.3 e-g 
Pioneer 92Y53 2.5 0.0 f 0.5 g 
P-value <0.001 <0.001 
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Table 1 continued 
 
a Least-squares means were separated by Fishers protected least significant difference at α = 0.05. 
Numbers followed by the same letter are not significantly different determined by pair-wise comparisons 
of LS-means.  
b GSD was calculated by counting the number of plants with GSD at R8 (full maturity) and dividing it by 
the total number of plants in the plot, then multiplying by 100. 
c Depodding treatments were completed by growth stage R6, full seed (Fehr and Caviness, 1977). No pods 
removed for 0%; pods were removed from every other node for 50%. 
* Selected to develop recombinant inbred lines for 2015.  
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Table 2. Frequency distribution of green stem disorder (GSD) incidence of recombinant inbred 
lines (RILs) produced from the crosses using 5M20-2-5-2 x IA3023 and Mavrick x IA3023  
from field trials near Ames, IA and Monmouth, IL, of each population in 2015.  
 IA3023 x 5M20-2-5-2a IA3023 x Mavericka 
GSD (%) Ames Monmouth Ames Monmouth 
<10 91 61 68 53 
10-19 29 49 19 27 
20-29 9 17 14 21 
30-39 2 6 11 18 
40-49 8 5 9 10 
50-59 0 3 7 5 
60-69 0 1 2 4 
70-79 1 0 4 3 
80-89 1 0 6 0 
90-100 0 0 1 0 
P-valueb <0.001 <0.001 <0.001 <0.001 
a Number of RILs of the specific population at each location.  
b Overall ANOVA P-value of RILs of each population at each location.  
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CHAPTER 4.  
SUMMARY 
General Conclusions 
 Overall, there was an increase in green stem disorder (GSD) across all trials, regardless of 
pod removal or fungicide use, in 2015. The increased incidences of GSD caused by fungicides of 
certain strobilurin chemistries are in agreement with previous investigations. Results show the 
possibility that prophylactic application of certain fungicides will promote GSD incidence 
amongst plants and that the possibility exists that a stress resulting in pod loss may exacerbate it.  
 Pod removal resulted in higher incidences of GSD and did not delay maturation of seed 
as shown by the moisture content at harvest. In 2014, there was a cultivar response to pod 
removal treatments where in 2015 there was not. Environmental conditions that promote the 
incidence of GSD in 2015 may have overwhelmed the cultivar response.  
 Results show that nested association mapping (NAM) parents differed in GSD incidence. 
Differences were also seen between recombinant inbred lines (RILs) of selected NAM parent 
crosses. This supports the hypothesis that there are genetic components influencing GSD. Further 
investigation of RILs and their likelihood to develop GSD is needed before further genetic 
analyses.  
 Soybean farmers should be aware of the added possibility that prophylactic 
fungicide applications may increase GSD incidence as well as the impact that a sink-limiting 
occurrence may have. Further investigation of meteorological components and their effect on 
GSD incidence is needed in order to explain the unknown causal mechanism. The stress resulting 
in a source-sink disturbance that favors the source may be the basal cause of GSD development. 
After this initial disruption, other factors such as genetics and the environment may influence the 
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development of GSD. Actions taken to deal with or alleviate stress may include the use of foliar 
fungicides. 
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APPENDIX 
 
PURPLE STEMS AND ANTHOCYANINS IN IOWA SOYBEAN 
 
Green stem disorder (GSD) of soybean (Glycine max L. Merr.) in Iowa during 2015 
frequently co-occurred with observations of purple stems when soybeans were close to full 
maturity (R8) (Fig. A.1). On lodged plants, the purpling was often observed on the upper portion 
that received direct sun while the underside parts remained green (Fig. A.2). The purpling of 
soybean tissue may signal that the plant is experiencing or has recently encountered suboptimal 
growing conditions.  
A buildup of anthocyanins in the soybean stem tissue could result in purple stems. 
Anthocyanins are water-soluble flavonoids that provide color to flowers and fruits. These 
pigments are nonphotosynthetic and can be used by plants to act as visible light screens, or 
natural shade cloths (Steyn et al., 2002). These natural shade cloths reduce light exposure that 
would result in over excitation, and subsequent oxidative damage of cellular machinery. 
Specifically, anthocyanins absorb blue-green light that reduces the light that is available to the 
chlorophyll (Steyn et al., 2002).  
The purpling is localized in areas receiving direct sunlight because individual cells 
control anthocyanin synthesis (Steyn et al., 2002). This allows for localized light avoidance 
measures that allow the natural shade cloth to be produced only where there is direct sunlight. A 
clear delineation may be seen between the purple and green tissue (Fig. A.3). The accumulation 
of anthocyanins is promoted by developmental and environmental conditions that increase a 
plant’s sensitivity to light (Steyn et al., 2002). 
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After the light requirement is met, suboptimal temperatures, via abnormal cold spells or 
seasonal reductions induces anthocyanin synthesis (Steyn et al., 2002). This is because cold 
temperatures slow down enzymatic activity and less light is needed for photosynthesis. 
Suboptimal temperatures during soybean reproductive phases may result in yield reduction 
(Hume and Jackson, 1981). Cold stress may be a major factor contributing to reduced yield 
(Thakur et al., 2010), because temperatures below 68°F may inhibit growth (Balestrasse et al., 
2010). Less cold tolerant genotypes are distinguished by an irregular distribution of pods and 
seeds along the stem; and barren or low yielding nodes are the flower abscission occurring 
during cold stress (Gass et al., 1996). Anthocyanin synthesis usually requires low temperatures at 
or below 50°F with mild temperatures (77°F) during the day (Steyn et al., 2002). Maximum 
pigmentation temperatures vary between plant species, cultivars, and tissue (Steyn et al., 2002).  
Daily low temperatures in Iowa were below the 30-yr average beginning on 19 August 
2015, followed by above average low temperatures during early September (Fig. A.4). These 
below average temperatures in August may have led to the purple stems. Other conditions that 
may have induced anthocyanin synthesis include nutrient deficiency, wounding, pathogen 
infection, flooding, and oxidative stress (Steyn et al., 2002).  
Anthocyanin production is also linked to carbohydrate accumulation (Steyn et al., 2002). 
An abundance of sugars that cannot be metabolically utilized can be converted to anthocyanins 
(Conley, 2006). This may be seen in soybeans when the source-sink relationship is disrupted and 
the plant continues to produce carbohydrates that cannot be utilized (Conley, 2006). Theses 
carbohydrates are converted into anthocyanins (Conley, 2006). The light absorbing properties of 
anthocyanins may help the plant re-establish the source-sink balance by normalizing light 
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capture, carbohydrate use, and CO2 assimilation while limiting photo-oxidative damage (Steyn et 
al., 2002).  
At harvest, purple stems are fleshy and are not dried down, similar to green stems. This 
may lead to harvesting issues. However, it is recommended to proceed harvesting if the seed is at 
appropriate moisture content, regardless of the presence of non-senesced, abnormally colored 
stems. To reduce the risk of complications during harvest due to the fleshy stems clogging the 
combine, slower ground speeds may be needed while increasing the engine speed.  
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Figures 
 
Figure A. 1. A purple soybean stem located in a central Iowa field. Photo taken 2 October 2015. 
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Figure A. 2. (A) The underside of lodged soybean plants that are not in direct sunlight show no 
tissue purpling. (B) Lodged soybean plants showing purple stems. Photos taken 2 October 2015. 
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Figure A. 3. A soybean stem showing the clear delineation between portions of tissue exhibiting 
and not exhibiting anthocyanin accumulation. Photo taken 4 October 2015. 
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Figure A. 4.  Average Iowa daily low temperature observation (°F) during the growing season, 
May-September. Data obtained from https://mesonet.agron.iastate.edu. 
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Table A. 1. Green stem disorder (GSD) incidence of two populations of recombinant inbred lines 
(RILs) in field trials near Ames, Iowa and Monmouth, in 2015.  
IA3023 x 5M20-2-5-2 IA3023 x Maverick 
  GSD (%)a   GSD (%)a 
P #b 
RIL # 
(DS11-04) Ames Monmouth P #b 
RIL # 
(DS11-15) Ames Monmouth 
        
1 002 0.0 0.0 1 001 2.5 6.7 
2 003 5.0 5.0 2 002 87.1 0.0 
3 006 15.0 20.0 3 003 5.0 3.3 
4 007 5.0 3.3 4 004 2.1 3.3 
5 008 0.0 10.0 5 005 7.5 13.3 
6 009 2.5 28.3 6 006 75.0 31.7 
7 010 12.5 11.7 7 007 35.0 1.7 
8 012 6.5 16.7 8 012 77.5 41.7 
9 013 7.5 16.7 9 013 35.0 33.3 
10 015 7.5 15.0 10 016 15.0 28.3 
11 016 2.5 11.7 11 018 20.0 31.7 
12 017 35.0 48.3 12 019 17.5 11.7 
13 023 10.0 11.7 13 020 52.5 35.0 
14 027 25.0 20.0 14 021 15.0 68.3 
15 028 7.5 1.7 15 022 7.9 51.7 
16 029 8.5 16.7 16 023 0.0 0.0 
17 030 7.5 1.7 17 024 10.0 5.0 
18 032 10.0 18.3 18 025 2.5 11.7 
19 033 7.5 0.0 19 027 72.1 10.0 
20 035 40.0 15.0 20 028 0.0 0.0 
21 036 2.5 30.0 21 030 50.0 21.7 
22 037 0.0 5.0 22 031 82.1 18.3 
23 039 16.5 0.0 23 032 50.0 20.0 
24 040 20.0 11.7 24 033 0.0 0.0 
25 041 80.0 41.7 25 034 37.5 45.0 
26 043 7.5 61.7 26 035 2.5 0.0 
27 044 6.5 3.3 27 036 5.0 31.7 
28 045 4.0 21.7 28 037 40.0 60.0 
29 047 19.0 13.3 29 039 7.9 1.7 
30 048 10.5 5.0 30 040 57.5 16.7 
31 049 7.5 6.7 31 041 2.5 63.3 
32 050 2.5 18.3 32 043 2.5 0.0 
33 051 9.0 5.0 33 044 2.5 0.0 
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Table A. 1 (Continued) 
 
34 052 2.5 18.3 34 045 27.5 20.0 
35 053 5.0 8.3 35 046 12.5 0.0 
36 054 --- 16.7 36 047 9.0 0.0 
37 055 4.0 10.0 37 049 52.5 48.3 
38 056 12.5 3.3 38 050 25.0 15.0 
39 058 0.0 23.3 39 051 47.5 31.7 
40 059 2.5 10.0 40 052 40.0 25.0 
41 060 11.0 25.0 41 053 40.0 43.3 
42 061 5.0 6.7 42 059 35.0 --- 
43 062 14.0 18.3 43 060 7.5 18.9 
44 063 40.0 11.7 44 062 22.5 0.0 
45 064 0.0 0.0 45 063 2.5 3.3 
46 068 2.5 5.0 46 065 5.0 3.3 
47 069 2.5 3.3 47 068 12.5 15.0 
48 072 7.5 21.7 48 069 7.5 25.0 
49 073 16.0 45.0 49 070 7.5 15.0 
50 074 2.5 8.3 50 071 0.0 0.0 
51 075 2.5 16.7 51 072 5.0 26.7 
52 078 12.5 31.7 52 073 2.5 18.3 
53 079 4.0 25.0 53 075 10.0 15.0 
54 080 2.5 46.7 54 077 2.5 20.0 
55 082 0.0 0.0 55 079 5.0 0.0 
56 084 12.5 1.7 56 080 5.0 6.7 
57 085 5.0 23.3 57 081 0.0 0.0 
58 089 2.5 0.0 58 083 2.5 5.0 
59 090 10.0 0.0 59 084 17.5 0.0 
60 091 0.0 5.0 60 085 12.1 36.7 
61 092 2.5 6.7 61 086 7.5 3.3 
62 094 0.0 23.3 62 087 5.0 8.3 
63 095 2.5 16.7 63 088 7.5 5.0 
64 096 9.0 11.7 64 089 2.5 31.7 
65 097 0.0 8.3 65 090 2.5 11.7 
66 098 0.0 8.3 66 091 55.0 0.0 
67 099 0.0 13.3 67 092 0.0 0.0 
68 100 17.5 40.0 68 093 0.0 35.0 
69 101 6.5 5.0 69 094 5.0 1.7 
70 104 5.0 15.0 70 095 27.5 5.0 
71 112 11.5 0.0 71 114 2.5 10.0 
72 114 5.0 15.0 72 115 0.0 21.7 
73 115 0.0 0.0 73 116 82.1 18.3 
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74 116 25.0 10.0 74 117 2.9 8.3 
75 119 17.5 5.0 75 118 15.0 50.0 
76 120 20.0 16.7 76 119 37.9 60.0 
77 121 0.0 0.0 77 121 5.0 38.3 
78 122 7.5 10.0 78 123 0.0 0.0 
79 124 10.0 13.3 79 125 10.0 20.0 
80 127 0.0 0.0 80 126 72.1 70.0 
81 129 77.5 56.7 81 128 0.0 5.0 
82 130 2.5 0.0 82 129 82.5 46.7 
83 132 10.0 0.0 83 130 2.5 21.7 
84 133 0.0 6.7 84 131 25.0 23.3 
85 135 0.0 0.0 85 133 12.5 13.3 
86 137 9.0 13.3 86 135 0.0 3.3 
87 138 16.0 13.3 87 136 37.5 33.3 
88 140 5.0 15.0 88 137 2.5 0.0 
89 142 0.0 0.0 89 138 5.0 0.0 
90 143 30.0 35.0 90 140 22.5 5.0 
91 145 4.0 20.0 91 142 40.0 36.7 
92 146 17.5 20.0 92 143 15.0 40.0 
93 147 10.0 11.7 93 144 5.0 8.3 
94 148 5.0 0.0 94 145 12.5 3.3 
95 149 0.0 5.0 95 150 40.0 51.7 
96 150 5.0 0.0 96 152 7.5 6.7 
97 152 5.0 10.0 97 153 0.0 0.0 
98 153 5.0 3.3 98 154 25.0 40.0 
99 155 0.0 3.3 99 156 67.5 30.0 
100 156 27.5 21.7 100 159 40.0 400. 
101 157 2.5 0.0 101 161 7.5 23.3 
102 158 5.0 0.0 102 163 22.5 10.0 
103 160 2.5 0.0 103 164 2.9 3.3 
104 162 5.0 11.7 104 167 40.0 30.0 
105 163 45.0 18.3 105 168 7.5 16.7 
106 164 0.0 0.0 106 170 32.5 48.3 
107 165 0.0 3.3 107 171 0.0 11.7 
108 167 12.5 55.0 108 173 5.0 8.3 
109 168 0.0 5.0 109 174 2.1 21.7 
110 169 7.5 16.7 110 175 0.0 3.3 
111 170 5.0 13.3 111 176 37.5 11.7 
112 171 42.5 3.3 112 177 5.0 1.7 
113 172 7.5 28.3 113 178 25.0 18.3 
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114 173 17.5 25.0 114 179 5.0 0.0 
115 174 12.5 11.7 115 184 7.5 3.3 
116 175 17.5 18.3 116 185 92.1 30.0 
117 177 3.5 16.7 117 186 22.5 6.7 
118 178 17.5 33.3 118 187 2.1 10.0 
119 179 5.0 11.7 119 188 --- 13.3 
120 181 7.5 18.3 120 190 0.0 1.7 
121 184 0.0 10.0 121 193 10.0 13.3 
122 185 12.0 31.7 122 194 35.0 38.3 
123 187 40.0 50.0 123 195 32.5 26.7 
124 191 2.5 0.0 124 196 20.0 16.7 
125 192 45.0 5.0 125 198 85.0 75.0 
126 194 41.5 0.0 126 200 82.5 31.7 
127 195 5.0 0.0 127 202 0.0 23.3 
128 201 0.0 5.0 128 203 47.5 28.3 
129 204 0.0 11.7 129 207 2.5 1.7 
130 205 0.0 3.3 130 208 15.0 8.3 
131 206 25.0 8.3 131 209 25.0 13.3 
132 207 21.5 23.3 132 210 17.5 50.0 
133 208 10.0 16.7 133 212 0.0 25.0 
134 211 45.0 23.3 134 213 7.5 43.3 
135 212 2.5 8.3 135 214 25.0 50.0 
136 213 0.0 0.0 136 215 60.0 15.0 
137 214 5.0 38.3 137 218 50.0 26.7 
138 222 10.5 11.7 138 219 2.5 21.7 
139 223 25.0 0.0 139 222 37.5 71.7 
140 225 5.0 13.3 140 223 10.0 30.0 
141 IA3023 22.5 1.7 141 IA3023 2.9 0.0 
142 5M20-2-5-2 5.0 15.0 142 Maverick 10.0 21.7 
P-value <0.001 <0.001 P-value <0.001 <0.001 
 
a Packet # from 1-142 corresponds to a specific recombinant inbreed line within each population. 
b Least-squares means of GSD of each recombinant inbreed line at both locations. 
 
